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abstract
 
One measure of the voltage dependence of ion channel conductance is the amount of gating charge
that moves during activation and vice versa. The limiting slope method, introduced by Almers (Almers, W. 1978.
 
Rev. Physiol. Biochem. Pharmacol.
 
 82:96–190), exploits the relationship of charge movement and voltage sensitivity,
yielding a lower limit to the range of single channel gating charge displacement. In practice, the technique is
plagued by low experimental resolution due to the requirement that the logarithmic voltage sensitivity of activa-
tion be measured at very low probabilities of opening. In addition, the linear sequential models to which the orig-
inal theory was restricted needed to be expanded to accommodate the complexity of mechanisms available for the
activation of channels. In this communication, we refine the theory by developing a relationship between the mean
activation charge displacement (a measure of the voltage sensitivity of activation) and the gating charge displace-
ment (the integral of gating current). We demonstrate that recording the equilibrium gating charge displacement
as an adjunct to the limiting slope technique greatly improves accuracy under conditions where the plots of mean
activation charge displacement and gross gating charge displacement versus voltage can be superimposed. We ex-
plore this relationship for a wide variety of channel models, which include those having a continuous density of
states, nonsequential activation pathways, and subconductance states. We introduce new criteria for the appropri-
ate use of the limiting slope procedure and provide a practical example of the theory applied to low resolution
simulation data.
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introduction
 
The sine qua non of voltage-dependent ion channels is
their ability to alter ion permeability of membranes in
response to changes in the transmembrane potential.
Hodgkin and Huxley (1952) accounted for the voltage
sensitivity of Na
 
1
 
 and K
 
1
 
 conductance in the squid giant
axon by postulating charge movement between kineti-
cally distinct states of hypothetical “activating parti-
cles”. With the advances that have been made in the
biochemistry and molecular biology of ion channels
since then, we now recognize that the embodiment of
their “activating particle” resides in the ion channel it-
self, as a structural component, though the molecular
details of the voltage sensitive “gating” of the pore re-
mains largely unknown. The first verification of gating
charge movement was by Armstrong and Bezanilla
(1973), who recorded nonlinear capacitive current
transients from tetrodotoxin (TTX) blocked Na chan-
nels in the squid axon. An important quantity that
characterizes the voltage sensitivity of the channel is
the range of gating charge displacement 
 
D
 
q
 
 energeti-
cally linked to channel activation. The most significant
advancement in measuring 
 
D
 
q
 
 that followed the work
of Hodgkin and Huxley was due to Almers (1978), who
treated the case of a linear sequence of discrete closed
states followed by a single open state (Almers’ crite-
rion, see Fig. 1 
 
A
 
). Almers stated that for such a model,
the following relation holds:
, (1)
where 
 
P
 
o
 
 is the fraction of time the channel is open at
equilibrium (open probability), 
 
V
 
 is the membrane po-
tential in millivolts, and 
 
kT
 
 is the characteristic thermal
energy (Boltzmann constant times absolute tempera-
ture 
 
.
 
 25 milli-electron volts at room temperature).
The experimental use of Eq. 1, often referred to as the
limiting slope procedure, has been used by many inves-
tigators to estimate total gating charge movement of ac-
tivation (e.g., Stimers et al., 1985; Liman et al., 1991;
Papazian et al., 1991; Schoppa et al., 1992; Zagotta et
al., 1994).
The 
 
Q
 
/
 
N
 
 technique is an alternative to the limiting
slope method and is a direct determination of gating
charge movement per channel. Independent measure-
ments of the total charge 
 
Q
 
 and the number of chan-
nels 
 
N
 
 are made in a single preparation, and the ratio,
lim
V ¥ – ®
kT
d ln Po ()
dV
----------------------   Dq =
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D
 
q
 
Q/N
 
, is then calculated. The first reliable value of
 
D
 
q
 
Q/N
 
 was published by Schoppa et al. (1992), who re-
corded from a single patch containing 
 
Shaker
 
 K
 
1
 
 chan-
nels expressed in 
 
Xenopus
 
 oocytes. They obtained a
 
D
 
q
 
Q/N
 
 of 12.3 eu (electronic unit of charge 
 
.
 
 1.602 
 
3
 
10
 
2
 
19
 
 Coulumbs)
 
1
 
 per channel, which has since been
verified by our lab and others (Aggarwal and MacKin-
non, 1996; Noceti et al., 1996; Seoh et al., 1996). A sim-
ilar value was obtained from a mutant channel in which
the hydrophobic residue Leu
 
370
 
, located in the putative
voltage sensing domain of 
 
Shaker 
 
(the S4 transmem-
brane segment), was replaced with valine. Their find-
ing of no change in 
 
D
 
q
 
Q/N
 
 in the mutant compared to
the unmutated channel was expected since the net
charge of the protein was unchanged. However, use of
the limiting slope procedure on the two channels
yielded values that were significantly lower than 
 
D
 
q
 
Q/N
 
:
9.5 eu for the unmutated channel and 5.5 eu for the
mutant (Schoppa et al., 1992). The discrepancy be-
tween the results from the 
 
Q
 
/
 
N
 
 technique and the lim-
iting slope procedure might be explained by the exist-
ence of gating charge movement which is dissociated
from the activation process, making no contribution to
voltage sensitivity of opening. This noncontributing
charge component may take on two forms: gating
charge movement occurring after the channel has
opened (latent charge movement) and charge move-
ment that is independent of the activation process (pe-
ripheral charge movement). The limiting slope proce-
dure, in contrast to the 
 
Q
 
/
 
N
 
 technique, measures only
the range of charge movement which is energetically
linked to channel opening (activation charge move-
ment), ignoring the latent and peripheral charge
movements. In their conclusion, Schoppa et al. were
careful to point out that, despite the possibility that la-
tent and/or peripheral charge movement exists in
 
Shaker,
 
 the most likely source for the reduced limiting
slope values was lack of experimental resolution. In-
deed, there has been sharp criticism of the reliability of
the limiting slope procedure from various authors
(Anderson and Koeppe, 1992; Bezanilla and Stefani,
1994; Zagotta et al., 1994). The chief reasons for the
skepticism in the validity of the technique are: (
 
a
 
) the
inability to accurately determine where the limiting
value of the slope occurs on the voltage axis and (
 
b
 
) the
difficulty of measuring the low values 
 
P
 
o
 
 required to
reach that value (typically 
 
,
 
10
 
2
 
3
 
).
In this paper, we address the problem of poor resolu-
tion in the limiting slope procedure by introducing a
measure of the progress of activation named the activa-
tion charge displacement, 
 
q
 
a
 
. Plotting mean activation
charge displacement 
 
k
 
q
 
a
 
l
 
 versus voltage is a more reli-
able way of estimating limiting slope, and, furthermore,
there is a relation between 
 
k
 
q
 
a
 
l
 
 and mean gating charge
displacement, 
 
k
 
q
 
l
 
, which makes the additional measure-
ment of gating currents a valuable tool in interpreting
limiting slope data (for example, the gating current re-
cordings by Schoppa et al. (1992) can be used to pre-
dict the amount by which they underestimated 
 
D
 
q
 
 with
the limiting slope technique). We develop the theory
to include models containing an arbitrary number and
arrangement of states (including continuum models)
and allow for multiple open states with different con-
ductances. We follow with a series of examples illustrat-
ing the theory, ending with a sample analysis of low res-
olution simulated data. We conclude with a summary of
results and an approach for applying the limiting slope
method in practice.
 
Theory
Nature of the model.
 
We preface the discussion of spe-
cific models by stating assumptions regarding their
general nature. We assume that after a sudden step in
membrane potential, the occupancy distribution of the
channel propagates through a network of conforma-
tional states representing the activation pathway. The
reaction coordinate is the gating charge displacement
(
 
q
 
). To place the quantity 
 
q
 
 in its proper context, we
note that the mean gating current for 
 
N
 
 channels 
 
k
 
I
 
g
 
l
 
 is
 
N
 
d
 
k
 
q
 
l
 
/
 
d
 
t
 
 and the plot of 
 
N
 
k
 
q
 
l
 
 vs. voltage is the 
 
Q
 
-
 
V
 
curve. There may be more than one state for a given
value of 
 
q
 
, which allows for loops and parallel pathways
in the activation sequence (see Fig. 1 
 
B
 
). Since the
mean 
 
k
 
q
 
l
 
 is an extensive state variable, 
 
q 
 
has a specific
value for every state in the model. In addition, states
are assigned a potential of mean force 
 
F(q,
 
j
 
,V)
 
 and a
fractional conductance 
 
f(q,
 
j
 
)
 
. Both are assumed to be
defined by the value of 
 
q
 
 and other degrees of freedom
indicated by 
 
j
 
, and, in the case of 
 
F
 
, also the membrane
potential 
 
V
 
. In terms of the variable 
 
j
 
, we will be pri-
marily concerned with degrees of freedom produced
by states that are degenerate with respect to 
 
q
 
. An ex-
ample is a branching of the activation path, producing
a duplication of states. Accordingly, in some cases it is
useful to include a degeneracy factor 
 
f
 
, which for a
nondegenerate state has the value of one. We assume
for the purpose of derivations that all gating charge is
energetically coupled to the activation process (essen-
tial charge), since only essential charge contributes to
the voltage sensitivity of activation. We shall consider
the effect of peripheral charge in Fig. 4. The fractional
conductance is defined as the ratio of the state conduc-
tance 
 
g
 
(
 
q
 
) to the maximal value at the given potential,
 
g
 
o
 
. We assume a linear voltage-dependence of 
 
F
 
(
 
q
 
,
 
V
 
)
(e.g., Tsien and Noble, 1969):
, (2) Fq ,V ()Gq () qV – =
 
1
 
Abbreviation used in this paper:
 
 eu, electronic unit of charge 
 
.
 
 1.602 
 
3
 
10-19 Coulombs.29 Sigg and Bezanilla
where G(q) 5 F(q,0) and depends on thermodynamic
variables other than voltage such as temperature and
pressure. By assigning a set of variables to each state
rather than a difference of values between states (as is
often done in describing kinetic models), we assure
that the model automatically obeys detailed balance
and conservation of charge density around any loops in
the kinetic model. In this paper we consider only ther-
modynamic quantities, so we ignore the nature of path-
ways between states that determine kinetics. We require
only that equilibration occurs between states on a time
scale which is faster than that of our method of mea-
surement (see Fig. 9 and corresponding text).
Definition of terms. The word activation refers to the
process of opening the channel pore. Technically,
then, a blocked channel does not activate, but in such
cases we alter the definition to include any conforma-
tional changes in the channel protein that produces a
change in gating charge displacement. Without loss in
generality, we assume that conducting channels acti-
vate with increasing membrane potential, since most
classes of ion channels conform to this behavior. How-
ever, the theory outlined below is easily applied to a
channel that opens with hyperpolarization by making
trivial changes in sign. We formally define gating
charge displacement q as any nonlinear capacitive
charge movement in a single channel, regardless of
whether it makes an energetic contribution to opening
(activation coupling) or not. The variable q serves as a
convenient reaction coordinate of activation. The value
of q in the limit V ® 2` is referenced to zero. The
maximum value of q at depolarizing potentials is by def-
inition the total gating charge movement per channel
Dq, which is measurable experimentally with the Q/N
procedure, i.e. Dq 5 DqQ/N. The component of q which
is activation coupled is the essential charge displace-
ment (qe) and the remainder is the peripheral charge
displacement (qp). The latter does not contribute to
the voltage sensitivity of the channel. The open proba-
bility (Po) is defined for a population of channels as the
ratio of the mean conductance to the maximum con-
ductance. We introduce the activation potential (Wa 5
2kT ln[Po]), which is a measure of the electrical energy
needed to open the channel. Finally, we define the acti-
vation charge displacement (qa) through its mean
value, which equals the negative gradient of the activa-
tion potential: kqal 5 2dWa/dV. Note that if Po is multi-
plied by a constant it does not affect the value of kqal, i.e.,
. (3)
This is useful experimentally since the value of Po ob-
tained from analysis of macroscopic ionic current
traces is usually defined only within a multiplicative
constant. In the next two sections we will derive a rela-
tionship between the mean activation charge and gat-
ing charge displacements that will serve as the founda-
tion for developing a practical approach in measuring
essential gating charge movement.
Finite number of states. We start with models that con-
tain a finite number of discrete states, by which we
mean that the time spent by the channel during the
transition from one state to another is negligible com-
pared to the dwell times in the states themselves. For
the purpose of this derivation, and the one following
which deals with continuum models, all gating charge
movement is essential (i.e., q 5 qe). Each state i is com-
pletely specified by the state variables (qi, Gi, fi) as well
qa áñ  k =T
dln cPO ()
d V
------------------------ kT
dlnPO
dV
-------------- =
Figure 1. (A) An example of a kinetic model satisfying Almers’
criterion for Eq. 1. It consists of a linear sequence of discrete
closed states followed by a single open state. The total range in gat-
ing charge displacement is Dq. A more generalized model (B) in-
cludes degeneracies produced by additional degrees of freedom
(indicated by the variable j), multiple open states, and peripheral
charge movement. In a discrete model with no subconductance
states we can graphically display the range in essential charge
movement,  Dqe, as a sum of its components; Dqa1 and Dqa2 are the
range in positive and negative activation charge displacement, re-
spectively, and Dql is the range in latent charge displacement. The
peripheral charge movement, Dqp, is shown on the lower panel
with its own reaction coordinate, indicating independence from
the main activation sequence. The total charge movement per
channel is Dq 5 Dqe 1 Dqp, which is the value obtained from the
Q/N procedure (DqQ/N). Use of the limiting slope procedure esti-
mates the value of Dqa1 in the hyperpolarizing direction and Dqa2
in the depolarizing direction. In a saturated channel, Dql and Dqp
are zero.30 Total Charge Movement per Channel
as an optional degeneracy factor fi. Subconductance
states are produced when 0 , fi , 1. The open proba-
bility of a single channel at equilibrium is Po 5 kgl/go,
where go is the open pore conductance, and kgl is the
average conductance.
. (4)
The p i are the equilibrium state probabilities which
are found using the normalized Boltzmann distribution:
. (5)
The denominator in Eq. 5 has the form of a coarse-
grained partition function. From Eqs. 4 and 5 we ob-
tain an expression for the mean open probability:
. (6)
Then, using the linear relation of Eq. 2, which for a dis-
crete model has the form:
, (7)
we evaluate the derivative of ln(Po) using Eqs. 6 and 7:
.
(8)
The two terms on the right side of Eq. 8 are averages
over q. The first term uses a reduced partition function
where each term is weighted by the fractional conduc-
tance of the corresponding state. The second term,
which sums over all states, is the average gating charge
displacement kql, which, in the absence of peripheral
charge movement, is proportional to the experimen-
tally derived Q-V curve. We rewrite Eq. 8 as:
. (9)
The second term on the right of Eq. 9, which sums over
states that have at least partial conductance, represents
the mean latent charge displacement (kqll). In the ex-
pression for kqll, the quantity that is being averaged
over is Dq 2 q, which has its origin where the gating
charge displacement reaches its largest value (i.e., q 5
g áñ   g i
i å = p i g O f i
i åp i =
p i
f i exp
Fi –
kT
--------
f iexp
Fi –
kT
--------
i å
------------------------------ =
P O
f i
i å f iexp
Fi –
kT
--------
f i
i å exp
Fi –
kT
--------
----------------------------------- =
F i G i qV – =
qa á ñ º kT
dlnPO
dV
--------------
q i
i å f if iexp
Fi –
kT
--------
f i
i å f iexp
Fi –
kT
--------
----------------------------------------   
q i
i åf i exp
Fi –
kT
--------
f i
i å exp
Fi –
kT
--------
----------------------------------- – =
q a áñ D q   
D q   qi – ()
i å f i f i exp
Fi –
kT
--------
f i
i å f iexp
Fi –
kT
--------
------------------------------------------------------------ –  q áñ – =
D q ) and increases with decreasing value of q. Thus, for
example, the open state in the model of Fig. 1 A, al-
though it conducts (f ? 0), contributes nothing to-
wards the value of kqll because it lies to the right of all
the other states, at the value of maximum gating charge
displacement.
Finally, after moving kqll to the left side of the equa-
tion, we have:
. (10)
The relationship between the activation and essential
charge displacements is now clear. The sum of the acti-
vation and latent charge displacement curves (kqal 1
kqll) superimposes onto that of the mean gating charge
displacement kql by simply inverting and shifting up-
wards by Dq. In the event that kqll vanishes or remains
constant for all potentials, kqal can be superimposed
onto kql. In such cases, we say that the channel is satu-
rated with activation charge, since the total range of ac-
tivation charge displacement (Dqa) matches the charge
movement per channel, Dq. In a saturated channel,
knowledge of the shape of kql versus voltage, obtainable
from a Q-V measurement, allows one to predict the
range in potentials where kqal reaches its limiting value.
A model that satisfies Almers’ criterion (Fig. 1 A) is ob-
viously saturated. However, so are kinetic models with a
more complicated arrangement (loops and parallel
pathways) of closed states that converge onto a single
or degenerate set of open state(s). The requirement
for saturation is twofold: (a) the activation sequence
has only one open state, or, if there is a cluster of open
states, they must all have the same value of q; (b) there
is no peripheral charge movement. If the first require-
ment is satisfied, but not the second, then we can speak
of saturation of the essential activation sequence. How-
ever, the presence of peripheral charge movement may
contaminate the shape of the Q-V, making it less useful
for limiting slope analysis. In any case, Eq. (10) can be
made generally valid even when there is peripheral
charge movement by replacing q with qe.
Continuous density of states. A similar analysis can be
applied to a continuous system. Here, the partition
function becomes an integral over a continuum of
states. We maintain the condition that the only variable
to be summed over is the gating charge q. The meaning
of f(q) in a continuum model may be best thought of as
a conditional probability relating q to the likelihood
that the pore is open. With these considerations in
mind, the derivation follows exactly that of the discrete
state model. The continuum analogue of Eq. 6 is:
(11)
qa áñ ql áñ + Dqq áñ – =
PO  f ò = q () pq () dq
f ò q () fq () exp F – q,V ()
kT
----------------------- dq
f ò q () exp Fq , V () –
kT
----------------------- dq
---------------------------------------------------------------------- =31 Sigg and Bezanilla
From Eq. 11, we immediately obtain the counterpart to
Eq. 9:
.
(12)
As we did in the case of discrete models, we identify the
second term on the right of Eq. 12 as the latent charge
position kqll. Obviously, kqll cannot be made to vanish
or even maintain a constant value with respect to volt-
age without rendering the channel permanently
closed. This is because, in order for the channel to con-
duct at all, f(q) must have a nonvanishing value across
some range of the continuous variable q . In other
words, it is meaningless to speak of a single open state
in a continuum model, and so the channel will never
be saturated with activation charge. However, one can
come close (within experimental resolution) by allow-
ing the channel to be open only for a range of values of
q near its maximum value (e.g., see Fig. 7).
methods
Numerical Computation of Activation Curves
Activation curves of discrete state models were calculated using
Eqs. 5 to 7, 9, and 10 from the array of state variables (qi, Gi, fi)
and degeneracy factors fi that define a particular model. Contin-
uum models were evaluated using the same algorithm by increas-
ing the number of “states” to 2,000. It was found that as few as 50
states were needed for the numerical solution to converge within
3% of the continuum solution.
Ramp Simulations
Simulation of ramp experiments were performed with a Monte
Carlo algorithm. The long period (.2 3 1018) random number
generator of L’Ecuyer with Bays-Durham shuffle (Press et al.,
1992) was used to generate random numbers rn with values be-
tween 0 and 1. Waiting times tab of transitions from state a to
state b were calculated from transformation of rn. Unlike the situ-
ation where the membrane potential is held constant over the
time course of simulation, the distribution of waiting times for an
applied voltage ramp is not exponential since the value of the
unidirectional rate constant aab changes with time. According to
the theory of failure rate analysis (Papoulis, 1991), the probabil-
ity density function f(tab) of the waiting time is:
. (13)
We used an Arrhenius expression for the rate constant: aab(t) 5
ao
ab exp{qabxabV(t)/kT}. V(t) is given by Vo 1 mt, where Vo is the
ramp potential at time zero (i.e., the time at which the channel
entered state a) and m is the ramp speed in units of voltage per
unit time. The variable qab is the transition gating charge move-
ment, and xab is the fractional position of the activation barrier
between states a and b. By integrating the expression for conser-
vation of probability, f(tab)dtab 5 f(rn)drn (Papoulis, 1991), we
obtain the following relationship between the random variables
tab and rn:
qa áñ D q
D qq – () fq () fq () exp F q,V () –
kT
---------------------- q d ò
fq () fq () exp F – q,V ()
kT
---------------------- q d ò
-------------------------------------------------------------------------------------------- q áñ – – =
ft ab () a ab tab () exp aab 0
tab ò – t () dt {} =
(14)
In the event of competing transitions out of state a (multiple b
states possible), selection was made by generating a waiting time
for each one and choosing the smallest value. The single channel
gating current record ig(t) was constructed by binning transition
impulses weighted by qab onto the discretized time axis. For the
single channel ionic current record i(t), we used the formula i 5
g(V 2 Vx), where g is the conductance of the resident state, and
Vx is the reversal potential of the permeant ion(s). The single
channel traces were digitally filtered using a Gaussian filter with
cutoff frequency fc and delay 1/2fc (which approximates a multi-
pole Bessel filter; see Crouzy and Sigworth, 1993) and accumulated
to produce macroscopic currents. To obtain a quantity propor-
tional to the open probability, the mean ionic current was di-
vided by the driving force, (V 1 100) mV, for all ramp voltages V.
Eq. 3 was used to obtain the sample estimate of the mean activa-
tion charge displacement,  , except that the expression {dPo/
dV}/Po was evaluated instead of the equivalent d(lnPo)/dV in or-
der to reduce round-off error. The ramp Q-V curve was obtained
from the integral of the mean gating current. The software used
in numerical calculations and the Monte Carlo simulation was
written in the C programming language and was run on a 60
mHz Pentium processor.
results
We now demonstrate the theory with a series of numer-
ical examples illustrated by Figs. 2 through 8. Starting
with the simple discrete state models (Figs. 2 through
4), one or more schematic state diagrams are shown in
increasing value of q on the left side of each figure. Fol-
lowing standard kinetic notation, allowable transitions
between discrete states are indicated by a line labeled
with the corresponding gating charge movement. This
is done mainly because a kinetic model is more familiar
looking than a random assortment of disconnected
states, but it must be kept in mind that the nature and
arrangement of connections between states are irrele-
vant for calculations of equilibrium quantities (such as
Po and kqal), so long as a path exists which connects all
states, and the time required for equilibration is much
shorter than the length of the experiment. It is easy to see
that the theoretical equations derived earlier are in ac-
cordance with this general rule, and they hold for models
with continuous as well as discrete densities of states.
For all models we considered, whether discrete or
continuous, we set the total essential charge movement
Dqe equal to 4 eu to facilitate comparisons between
models. Associated with each example are numerically
derived plots of the equilibrium values of the gating
charge displacement Q (normalized to one, as is nor-
mally done in practice) and the mean open probability
Po (actual value). The mean activation charge displace-
ment kqal and the value of Dq-kql, also numerically de-
rived, are featured in Fig. 2 C. Recall that the quantities
tab
kT
qabxabm
------------------- ln
1
qabxabm
kTa
O
ab
------------------- –l n 1    rn – () exp  
qabxabVO
kT
---------------------- – {} .
=
q
_
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Q and kql are related by a factor of N, so they both have
the same shape when normalized. Although we some-
times appear to use them interchangeably, we use Q
when referring to experimental gating charge measure-
ments where N is not known, whereas kql is the mean of
the single channel gating charge displacement, which
is not directly measurable.
The discrete state models in Figs. 2 through 4 share
the following features: the zero voltage potential Gi is
the same for each state, though this is not explicitly
shown in the figures. This tends to center the activation
curves around V 5 0. The closed states (f 5 0) are la-
beled “C.” Similarly, “O” stands for open (f 5 1).
Two-state Model
Model 2a (Fig. 2) is a simple two state model, in which
the total charge movement of 4 eu occurs in a single
transition. A property of any two-state model is that all
equilibrium properties lie on the same Boltzmann
curve after normalization (Lumry et al., 1966). Thus
the Po-V and Q-V curves superimpose, and, because the
two states are equipotential, the plots are centered
around  V  5 0. Since there is only one open state and
no peripheral charge movement, the model represents
a saturated channel (see Theory). It is also the simplest
example which satisfies Almers’ criterion. Fig. 2 B
shows the superposition of the plots of kqal and Dq-kql,
which demonstrates graphically that the limiting value
of kqal is reached only at potentials where the Q-V curve
is close to saturating.
Three-state Nonsequential Models
We relax the restriction to linear sequential models
with models b and c of Fig. 2. In both cases we see a par-
allel movement of 4 eu that either converges to a single
open state (model 2b) or diverges into two open states
(model 2c). The total range of gating charge move-
ment for each model is not 8 eu, but rather 4 eu, since
state probability is split equally among the two path-
ways. As a rule, the maximal charge movement of a
model containing communicating parallel paths is sim-
ply the largest net charge movement of any of the possi-
ble pathways. Both models 2b and 2c represent satu-
rated channels. In the case of model 2c, although there
are two open states, they are degenerate with respect to
q (f(open) 5 2), producing no latent charge move-
ment. The addition of an extra state merely shifts each
Boltzmann plot to one side, without a change in the
steepness of the curve at midpoint. This is because a
state degeneracy produces an increase in entropy in
the respective state. For example, in model 2b, setting
V 5 0 distributes 2/3 of the system probability to the
two closed states, which lowers kql and Po. The same
reasoning applied to other potentials explains why the
equilibrium curves for model 2b are shifted to the right
on the voltage axis. Similarly, the degenerate open
state of model 2c produces a shift to the left.
As mentioned earlier, a different arrangement of al-
lowable transitions in a particular model does not
change the equilibrium values of state variables. For ex-
ample, in model 2c, a line could be drawn between the
two open states, and one of the existing lines from the
closed state deleted, and the results shown in Fig. 2, A
and B, would be unchanged. However, the kinetics of
activation, which are not of concern here, but are an
important determinant of channel function, would be
drastically altered by such a change.
Three-state Linear Sequential Models
In channels with three or more nondegenerate states,
we do not expect activation curves representing differ-
ent thermodynamic quantities to coincide. By inserting
an extra closed state into the activation pathway of
model 2a, we displace the Po-V to the right of center
and slightly broaden the Q-V (Fig. 3 A). However, this
model remains saturated since it satisfies Almers’ crite-
Figure 2. (A) Plots of open
probability (Po) and normalized
gating charge displacement (Q)
vs. voltage for a two-state model a
and two models with degenerate
states (b and c). (B) In each case,
the mean activation charge dis-
placement, kqal, and the mean
gating charge displacement, kql
(inverted and displaced by Dq),
lie on the same plot, indicating
that the channels are saturated.33 Sigg and Bezanilla
rion of a linear sequence of closed states followed by
one open state. Thus, kqal and Dq-kql superimpose (Fig.
3 B), and the limiting slope procedure could be accu-
rately used to measure total charge movement per
channel.
Switching the positions of the open state and its
neighboring closed state results in model 3b, which
now has a closed state at the end of the activation path-
way. The Q-V curve is unchanged but the Po-V now ap-
proaches zero at positive as well as negative potentials.
An example of this behavior may be seen in a channel
experiencing voltage-dependent block (Bezanilla and
Armstrong, 1972). Here we have the first example in
which the open state appears in the middle of the acti-
vation sequence, and so we expect kqll to have a finite
(but constant) value. Indeed, we see that the plot of kqal
vs. V is displaced downward by a constant value of 2 eu
(Fig. 3 D). Consequently, kqal becomes negative at de-
polarizing potentials, which comes about because the
open probability decreases with increasing positive po-
tential. Note that the total range of kqal, which we will
refer to as Dkqal, is still 4 eu, though the limiting slope
value in the hyperpolarizing direction (which we will
refer to as Dqa1, see Figs. 1 B and 3 D) is only 2 eu and
would by itself give an underestimate of Dq. Thus, in or-
der to correctly estimate the entire range of gating
charge movement in this case, one would also need to
apply the limiting slope procedure to depolarized po-
tentials to obtain the negative component of the mean
activation charge displacement (Dqa2). Model 3b re-
mains an example of a saturated channel, since there is
only one open state and no peripheral charge movement.
In the last model of Fig. 3 (model 3c), there are two
open states in sequence at the end of activation. The Q-V
curve is still unchanged, but now the Po-V is shifted to
the left of center. This is due to gating charge move-
ment between open states, leading to a positive value
for kqll, which is now a function of voltage. This chan-
nel is not saturated. The range in mean activation
charge displacement Dkqal reflects only the initial tran-
Figure 3. Model a is a linear
three state scheme satisfying
Almers’ criterion. The Po is dis-
placed to the right of center (A),
though the channel is saturated
(B). The open probability in
model  b vanishes at both ends of
the voltage axis (C). Conse-
quently, it has a nonvanishing
value for the latent charge dis-
placement, splitting the activa-
tion charge displacement into
positive and negative compo-
nents (D). Model c has two open
states, displacing Po(V) to the left
of the Q-V (E), and resulting in a
limiting slope estimate of only
50% of the total gating charge
movement (F).34 Total Charge Movement per Channel
sition from the closed to the first open state. Hence the
limiting slope procedure applied to this particular
model underestimates Dq by one half its value. In con-
trast, the Q/N procedure will give the correct value of Dq
for this model since it measures all essential charge move-
ment. Although model 3c is displayed in Fig. 3 as a linear
sequential model, the same outcome arises from a
branching model in which a closed state makes transitions
to two open states with respective gating charge move-
ments, 2 eu and 4 eu (compare to model 2c, but with un-
equal charge movement per leg). Branching models, al-
though useful in studying kinetics, are no different than
linear sequential models in their equilibrium properties.
Models with Peripheral Charge
In Fig. 4 we demonstrate the effects of charge move-
ment energetically uncoupled to the main activation
pathway (peripheral charge movement). Model 4a rep-
resents a saturated channel with a looped network of
four closed states converging to an open state. The
range in gating charge displacement Dq is 4 eu and is
entirely essential. By severing the links between the up-
per and lower charge relay systems, we obtain model
4b, which has two independent charge systems, with
only the lower one linked to activation. If one were to
measure the total range of kql in this fragmented
model, one would find it to be 6 eu, not 4 (if this is not
immediately obvious, consider that we routinely sum
the charge movements of N independent channels to
obtain the gating current; also, the sum of all state
probabilities in model 4b gives two, rather than one as
in model 4a). The range in essential charge movement
is unchanged (Dqe 5 4 eu), but now, due to the addi-
tional peripheral charge movement Dqp of 2 eu, there is
a mismatch between the limiting value of kqal, which
correctly estimates Dqe, and that of Dq 5 DqQ/N, the
value obtained if one were using the Q/N procedure.
An example of peripheral charge movement present in
neuronal a1E Ca21 channels has recently been demon-
strated (Noceti et al., 1996) — in absence of the b2a reg-
ulatory subunit, there appears to be a parallel charge sys-
tem that, on the time scale of the observations, is kinet-
ically isolated from the main activation sequence of the
channel, leading to a DqQ/N value of 14 eu, but a value
of only 9 eu for Dqe. With addition of the b2a subunit to
the system, the Q/N value dropped to the value of the
limiting slope, which remained at 9 eu, suggesting that
there was a lowering of the energy barrier which had
separated the 5 eu of peripheral charge movement
from the remainder, resulting in faster equilibration
between the two charge systems. The b2a subunit has no
significant effect (,10 mV) on the half activation po-
tential of the mean gating charge displacement or the
initial rise of the open probability (Olcese et al., 1996),
meaning that it is unlikely that the limiting slope value
before addition of subunit was being selectively under-
estimated due to a larger voltage separation between
the Q-V and the Po-V plots.
Models with Continuous Distribution of States
In Figs. 5 through 7, we shift our focus to continuous
systems, where we will confirm some of the observa-
Figure 4. (A and B) Model a
represents a saturated channel
with a closed loop of noncon-
ducting states followed by one
open state; Dq 5 4 eu. By sever-
ing the connections indicated by
the vertical lines (model b), we
obtain two independent charge
relay systems: one essential, mov-
ing 4 eu of gating charge (Dqe),
and the other peripheral, mov-
ing 2 eu (Dqp). In addition to a
slight shift to the right of the Po-V
(C), the channel becomes unsat-
urated (D), though use of the
limiting slope procedure in this
case would produce the correct
estimate of essential gating charge
movement (Dqa 5 Dqe).35 Sigg and Bezanilla
tions made above with discrete state systems, and en-
counter some new behavior. In these figures, the left
side shows the potential profile G(q) as well as the frac-
tional conductance f(q).
We begin with a flat free energy landscape for Fig. 5,
which is implicitly the same assumption we have been
making for all of the discrete state models described so
far. The charge density is confined to within the
boundaries q 5 0 and q 5 Dq 5 4 eu. The function f(q)
is zero (corresponding to closed states) for lower values
of q, and then undergoes an abrupt change at q 5 aDq
to a value of one (open state), where it remains until it
reaches the upper boundary of q. Thus, this model has
a varying amount of saturation which increases with the
value of a. Of the discrete models we have considered
so far, the most analogous to this model would be the
model 3c of Fig. 3, since both are linear sequential (no
degeneracies) with a finite amount of charge move-
ment between open states. We concluded earlier in the
discussion of Fig. 3 that the limiting value of kqal could
never reach Dq due to latent charge movement. This is
shown to be the case as well with the continuum model,
where it is apparent from Fig. 5 B that kqal reaches the
maximum value of aDq. Note also the crossing of Po-V
with the normalized Q-V in Fig. 5 A, indicating the pres-
ence of multiple open states.
In Fig. 6 we demonstrate the effect of broadening
f(q) around the gating charge position q 5 0.9Dq. We
notice immediately a striking difference between the
plots of kqal in Fig. 6 and those we have seen so far. The
value of kqal plateaus without reaching the maximum
value Dq, and then appears to shrink to zero with in-
creasing negative potential. The effect is more pro-
nounced for broad distributions of f(q) than for very
sharp ones. It would be quite interesting to see experi-
mental evidence of the fall-off of kqal at negative poten-
tials, since it would support the notion of subconduc-
tance states along the activation pathway. Incidently, a
similar effect occurs in a discrete model similar to
model 3c, if the last transition (between open states)
moves significantly more charge than the first, leading
to an early plateau in kqal, which can be significantly
larger in magnitude than the eventual limiting value
seen at hyperpolarized potentials.
We choose for our final continuum model (Fig. 7)
one which approximates a two-state model. Instead of a
flat potential profile, we now introduce an inverted para-
bolic peak 4 kT high with a slight flattening at the edges
and bounded on the q-axis at q 5 0 and q 5 Dq 5 4.
The channel is fully open for q values greater then 0.9 ?
Dq. The result is a slightly broader equilibrium curve
than for the true two state model (Fig. 2), and the Po-V
curve is a bit shifted to the right of the Q-V. However,
the kqal and Dq-kql plots coincide enough to make the
difference in their limiting values (as could be ob-
tained from limiting slope and Q/N methods, respec-
tively) difficult to resolve experimentally, if this were a
real channel.
Multi-state Model with Subconductance States
Our concluding model (Fig. 8) shows that bizarre be-
havior of the equilibrium curves is not limited to con-
tinuum models. This model is discrete with five states.
In contrast to the earlier discrete models we consid-
ered, we assign a different potential to each state, and
we add subconductance states. Due to the small num-
ber of states, the plots of Po and Q follow a somewhat
erratic pathway. In a continuum model with a similar
free energy landscape and the same approximate in-
crease in f(q), the Po vs. V and Q-V would broaden out
and appear smoother. The voltage dependence of kqal
shows some interesting behavior, increasing from zero
at positive potentials to a local peak of about 1/4 Dq,
then dipping nearly to zero at more negative poten-
tials, only to rise again to a maximum value slightly
higher than that of the initial peak. Clearly, a plateau in
the value of kqal may be misleading since it does not al-
ways represent the limiting slope value. The only way to
be sure one has reached the final plateau is through
Figure 5. Predictions from a
continuum model with a flat po-
tential landscape. The transition
from closed to open pore is
abrupt and occurs at the value
aDq, where a ranges from 0.1 to
0.9 in increments of one-tenth.
(A) As the value of a decreases,
the Po-V curve crosses the Q-V at
increasingly negative potentials.
(B) The limiting value of kqal is
equal to range of gating charge
movement that occurs when the
channel is closed.36 Total Charge Movement per Channel
comparison with the Q-V, which must be saturated in
the range of potentials from which the limiting slope is
recorded.
discussion
With the recent advances in molecular biology it has
become possible to neutralize amino acids that are sus-
pected to be voltage-sensing residues in ion channels
and study the effects on gating. An important measure
of channel responsiveness to voltage is the total charge
movement of activation Dq. A significant reduction of
Dq has been found after removal of charged residues in
the S2 and S4 transmembrane domains of the Shaker
potassium channel, indicating that these residues play
an active role as components of the gating apparatus of
the channel (Aggarwal and MacKinnon, 1996; Seoh et
al., 1996). Almers (1978) summarized two methods by
which one can obtain Dq: (a) the Q/N procedure,
which requires that one measure the maximum range
of gating charge movement and the number of chan-
nels in the same preparation, and (b) the limiting value
of the logarithmic potential sensitivity (similar to our
mean activation charge displacement kqal, except that
Po/[1 2 Po] replaces Po as the argument of the logarith-
mic function), which equals the essential component
of Dq in the absence of latent charge movement.
Using a statistical mechanics approach, we have ex-
panded on Almers’ theory by explicitly expressing
kqal  5  kTd(lnPo)/dV as a function of gating charge dis-
placement, and by generalizing the result to include
parallel activation pathways, multiple open states, sub-
conductance states, and continuum models. The out-
come of the derivation can be summarized by the fol-
lowing relation:
. (15)
In cases where the ion channel is saturated and kqll is
zero, Eq. 15 reduces to Almers’ original expression for
the limiting slope (Eq. 1) at hyperpolarizing potentials
where the Q-V curve saturates (kql 5 0).
A major obstacle in correctly estimating Dq using the
limiting slope method is the accurate determination of
kqal at potentials where the open probability is vanish-
ingly small. This problem has been discussed by several
authors (Andersen and Koeppe, 1992; Bezanilla and
Stefani, 1994; Zagotta et al., 1994), but no criterion has
kT
dlnPo
dV
------------- ql áñ + Dqq áñ – =
Figure 6. A continuum model
with a slower rise of the frac-
tional conduction along the q
axis. The equation used for f(q)
is [1 1 exp(2b(q 2 aDq)]21
where the slope factor b takes on
the values: 2, 5, 10, 15, 20, 50,
and infinity. The case of b 5 in-
finity is identical to the model in
Fig. 5 with a 5 0.9. A shallow
slope lowers the open probability
at extreme depolarizing poten-
tials (A) and produces a down-
ward shift in the mean activation
charge displacement at hyperpo-
larized potentials (B).
Figure 7. A continuum model
that approximates a two-state dis-
crete model. The probability
density  p(q) for zero voltage is
calculated from the potential of
mean force G(q) using the Boltz-
mann distribution. The channel
opens when the gating charge
displacement reaches 0.9 ? Dq.
Panels A and B are comparable
to those of Fig. 2, model 2a.37 Sigg and Bezanilla
been given to accept or reject the estimate except to
take the value as a lower limit of the actual Dq. A useful
guideline is provided by plotting kqal as a function of V
or Po (Zagotta et al., 1994) where it is possible to visual-
ize whether the estimate shows signs of reaching a limit-
ing value. Such limiting values have been observed in a
few cases through single channel analysis in sodium
channels (Hirschberg et al., 1996) or with macroscopic
currents in neutralization mutants of Shaker K1 channels
(Noceti et al. 1996; Seoh et al., 1996). Often, however,
poor experimental resolution prohibits the measure-
ment of a sufficiently low value of Po, making a predic-
tion of where the value of kqal saturates extremely use-
ful. This is possible, based on Eq. (16), if the Q-V curve
is known and the channel is saturated. What needs to
be done is to invert the Q-V curve and scale it so that it
superimposes onto the incomplete plot of kqal vs. V. It is
important that a large enough range of voltage is used
to insure good overlap between the two curves so that
proper scaling is achieved. The value of Dq is then read
off from the scaled Q-V curve (Seoh et al., 1996).
An example of estimating Dq with limited resolution
data is shown in Fig. 9. The data was obtained from a
Monte Carlo simulation of gating and ionic currents
following a ramp voltage protocol (see methods). The
model is shown in the lower right corner of Fig. 9 and
has five closed states followed by an open state. All five
transitions move an identical amount of gating charge
for a total of Dq 5 10 eu. The ramp protocol is a useful
experimental tool since it allows measurements of the
signal for a large number of voltages in a single record.
This is important when one is required to differentiate
a measured quantity with respect to voltage, as we do
when evaluating Eq. 3. The drawback in the method is
that the ramp speed must be infinitely slow (quasi-
static) for the channel to remain close to equilibrium
during the ramp. Nevertheless, the alternative proce-
dure of obtaining equilibrium values of ionic and gat-
ing currents from an activation series of pulses can be
prohibitively difficult if one desires very fine resolution
in voltage, making the ramp protocol the method of
choice in certain cases (e.g., the presence of rundown
in the preparation). In our simulation the midpoint of
the integral of the mean gating current was shifted
12.5 mV with respect to the midpoint of the numeri-
cally derived Q-V, indicating that the quasistatic condi-
tion was not rigorously adhered to. This error will be
evident in the final result. Fig. 9 B contains three plots.
The estimate   and the ramp Q-V were calculated from
the averaged ionic and gating currents plotted in Fig. 9
A. The numerical Q-V was derived from the model (ex-
perimentally, it can be accurately obtained from a volt-
age series of long pulses, Stefani et al., 1994). It is ap-
parent that the scatter in   increases significantly with
low Po due to the increasing rarity of open events. The
minimum value of Po obtained in the plot of   was 5 3
1023, which is insufficient to reach the expected limit-
ing value of 10 eu. Because the model satisfies Almers’
criterion, we can use the inverted Q-V curves to “pre-
dict” the value of Dq by scaling them so they superim-
pose onto the foot of the plot of   vs. V. We see that,
due to the insufficiently slow ramp speed, the predic-
tions from the ramp Q-V curve and true Q-V curve are
both 10% in error, with the real value of Dq lying ap-
proximately in between the two values. Thus, experi-
mentally, it is important to use as slow a ramp speed as
possible. This procedure was applied to the Shaker B K1
channel and charge neutralization mutants by Seoh et
al. (1996). Their results show that for many of the mu-
tations on the S2 and S4 putative transmembrane do-
mains, the inverted and scaled Q-V curve superimposes
on the   vs V curve. The predicted value of the limiting
slope matched the value of Dq obtained by the Q/N
procedure, providing an internal check for consistency
and at the same time showing that all charge that moves
in Shaker is energetically coupled to the open state.
We conclude our discussion by suggesting an ap-
proach for measuring total gating charge movement in
a generalized ion channel. A useful analysis should sep-
arate the gating charge into its components of periph-
q –
a
q –
a
q –
a
q –
a
q –
a
Figure 8. A 5-state model with
subconductance states and vary-
ing potential landscape. The val-
ues of G and f in increasing order
of q are Gi 5 {4, 21, 3, 0, 4}kT
and fi 5 {0, 0.1, 0.3, 0.6, 1.0}. (B)
The initial rise in kqal at V . 0 mV
could be mistaken for the value
of the limiting slope under con-
ditions of poor experimental res-
olution, but knowledge of the Q-V
would indicate that the gating
charge had not yet saturated.38 Total Charge Movement per Channel
eral, latent, and activation charge displacements. La-
tent charge movement comes about when gating
charge moves during a transition between two or more
discrete open or subconductance states, or along a con-
tinuum. Analysis of single channel records may un-
cover kinetically distinct discrete open states and/or
subconductance states. Rate constants between succes-
sive open states may be voltage dependent, suggesting
latent charge movement. Another useful test for the
presence of latent charge movement in a channel that
opens with depolarization is performed by comparing
Po-V and Q-V traces gathered from macroscopic cur-
rents. If the two plots cross, or if the Po is shifted to the
left of the Q-V, latent charge movement exists and the
limiting slope procedure will underestimate the range
of essential charge movement (e.g., Fig. 3 F). Often-
times, noise analysis of macroscopic ionic currents is
easier to carry out than single channel analysis. In such
cases, a nonparabolic variance vs. mean plot of nonsta-
tionary ionic currents (Steffan and Heinemann, 1996)
points at the presence of subconductance states. Also,
autocovariance analysis of stationary macroscopic ionic
currents can detect multiple open states (Sigworth,
1981). If the channel has latent charge movement, it is
not saturated with activation charge, and the range of
activation charge Dqa is necessarily less than the range
of essential charge movement Dqe. It must be kept in
mind that the complete range in kqal spans from maxi-
mally negative to maximally positive potentials, and in
cases where the channel closes with extreme potential
on either side of the voltage axis, the limiting slope pro-
cedure must be carried out at positive as well as nega-
tive potentials (e.g., Fig. 3 D). In a saturated channel,
the limiting slope procedure can be used to estimate
Dqe, but lack of experimental resolution often makes it
difficult to determine at which potential a limiting
value of the activation charge displacement is reached.
This is where the Q-V plot becomes invaluable, since
the Q-V and the kqal-V plots plateau at the same voltage
range in saturated channels. The value of Q is easier to
measure than kqal (assuming ionic currents can be ef-
fectively eliminated) near the region of limiting slope,
since the relation of Q with gating charge displacement
is linear, whereas that of kqal to Po is obtained through
differentiation, which amplifies the measurement er-
ror. Thus, the Q-V is a much more sensitive tool at de-
termining the voltage at which kqal will saturate and can
even be used to predict the value of Dqe from low-reso-
lution data (Fig. 9). There may be instances when a Q-V
is unobtainable (inadequate expression of channels, in-
complete blocking of the pore, etc.). In such cases, an
alternate method (Cole-Moore shift) for determining
whether kqal has reached its final value may prove use-
ful as a last resort. The Cole-Moore shift is defined as
the time delay of opening of the channel as a function
of holding potential (Cole and Moore, 1960; Stefani et
al., 1994)). At those potentials where kqal has reached
saturation, the delay should also have reached its maxi-
mum value. It should be kept in mind, however, that
the Cole-Moore shift is a kinetic measurement, even
though its voltage dependence arises from the equilib-
rium probability distribution at the holding potential.
Thus, unlike the Q-V, the plot of opening delay vs. volt-
age has no functional relationship with kqal vs. voltage.
Nevertheless, the initial probability distribution does
not change beyond the voltage at which the gating
charge saturates, so in principle the Cole-Moore shift, if
accurately measured, could serve as a poor man’s Q-V
in limiting slope experiments.
A separate issue is whether or not there is contamina-
tion of the gating charge movement with a peripheral
(independent) charge system. Peripheral charge move-
ment shows up in the Q/N estimate of total gating
charge movement, so DqQ/N will be larger than Dqe in
the presence of peripheral charge. Combining this re-
sult and the earlier one, which set the upper limit of
Dqa as Dqe, we obtain the inequality:
Figure 9. (A) Representative single channel traces (thin line) of
simulated gating (top) and ionic (middle) currents using a voltage
ramp protocol (bottom). The model (shown at the lower right of
the figure) is discrete and saturated; Dq 5 10 eu. The forward and
backward rates at zero potential for all transitions were 5 and 1
ms21, respectively. The transition charge movements were 2 eu.
Symmetric barriers were used. The times of transition events were
obtained using Eq. 14. Single channel traces were then con-
structed and discretized at 101.3 ms with 4,000 points, and subse-
quently filtered (cutoff frequency 1 kHz) using a digital Gaussian
filter with 0.5-ms delay. The mean of 106 accumulated single chan-
nel gating and ionic currents (thick line) are superimposed onto a
corresponding representative single channel trace (noisy thin line).
The mean gating current was scaled up by a factor of 50 to make it
comparable to the single channel trace. (B) The sample estimate
of the mean activation charge displacement   (solid line) and the
Q-V  curve (dashed line) were derived from the ramp data (see
methods). The true Q-V (unfilled circles) was calculated numeri-
cally every 1 mV using the formula for kql given in the theory sec-
tion. Both Q-V curves were inverted and independently rescaled to
superimpose on the smooth region of  .
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(16)
If the values of Dqa and DqQ/N are the same, it is a good
indicator that there is neither latent nor peripheral
charge movement, and the estimate of Dqe is an accurate
one. If both latent and peripheral charge are associated
with the same channel, it may be difficult to determine
the contribution of each. In such a case, kinetic model-
ing might be required in order to estimate the amount
of charge movement between open states through the
voltage dependence of the transition rate constants.
Dqa D £ qe DqQN ¤ £ . In summary, when measuring Dqe, the range in essen-
tial charge movement in a single channel, it is desirable
to obtain the full activation curves of the open probabil-
ity and gating charge displacement. For channels without
latent charge movement, the limiting slope procedure,
in conjunction with information from the Q-V plot, will
produce an accurate estimate of Dqe. In the general
case, the value of Dqe will lie between the range of acti-
vation charge displacement, Dqa, and the total charge
movement per channel, DqQ/N, obtained from the limit-
ing slope method and Q/N procedure, respectively.
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